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Experimental measurements of laser-induced ionization were performed for ethene–air premixed flames
operated near the soot inception point. Soot was ionized with a pulsed laser operated at 532 nm. The
ionization signal was collected with a tungsten electrode located in the postflame region. Ionization
signals were collected by use of both single-electrode and dual-electrode configurations. Earlier laser-
induced-ionization studies focused on the use of a single biased electrode to generate the electric field,
with the burner head serving as the path to ground. In many practical combustion systems, a path to
ground is not readily available. To apply the laser-induced-ionization diagnostic to these geometries, a
dual-electrode geometry must be employed. The influence of electrode configuration, flame equivalence
ratio, and flame height on ionization signal detection was determined. The efficacy of the laser-induced-
ionization diagnostic in detecting soot inception in the postflame region of a premixed flame by use of a
dual-electrode configuration was investigated. Of the dual-electrode configurations tested, the dual-
electrode geometry oriented parallel to the laser beam was observed to be most sensitive for detecting the
soot inception point in a premixed flame. © 2005 Optical Society of America

OCIS codes: 120.0120, 120.1740.

1. Introduction

Soot is a common by-product that results from the
combustion of fossil fuels. Release of soot into the
atmosphere by combustion contributes to environ-
mental and health hazards. Sooting represents in-
complete combustion and can lead to hardware
fouling. Soot formation is desirable in certain appli-
cations such as industrial furnaces, however, because
the presence of soot greatly enhances radiative heat
transfer. The challenge is to be able to control soot
formation for a specific task. This requires a detailed
understanding of the soot-formation process.

Unfortunately, understanding the mechanisms
that are responsible for soot formation remains a
daunting task. The major steps in soot formation
consist of fuel pyrolysis, polycyclic aromatic hydro-
carbon formation, particle inception, coagulation,
surface growth, carbonization, agglomeration, and

oxidation.1–3 The process of soot inception is the least
understood aspect of soot formation.

An effort is under way at the National Institute of
Standards and Technology (NIST) to understand the
complex soot-inception process. A well-stirred reactor
(WSR) coupled with a plug-flow reactor has been
built, and it will be used to study polycyclic aromatic
hydrocarbon growth and soot inception.4 For a given
fuel–air system, there will be a unique fuel-to-air
equivalence ratio corresponding to soot inception.
The plan is to determine this critical point and to
characterize the species concentration in the vicinity
of this point with and without the addition of specific
polycyclic aromatic hydrocarbons in the transition
region between the well-mixed and plug-flow reac-
tors. To this end, a laser-based diagnostic is desired
for implementation within the WSR to quantitatively
determine the soot-inception point during reactor
operation.

Various laser-based diagnostics, such as laser-
induced incandescence, laser-induced fluorescence,
laser extinction, laser scattering, and laser-induced
ionization, have been used to study soot formation in
flames. Laser-induced ionization is an attractive di-
agnostic for soot-inception studies because it is a
technique that has been used to detect small soot
particles ��2 nm� and atomic ions in premixed
flames.5,6 The advantage of the laser-induced-
ionization technique is that a sampling line is not
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required for detecting soot inception in premixed
flames. Recent work7,8 has employed a dilution probe
coupled with a nanodifferential mobility analyzer to
measure incipient soot-particle size distributions in
premixed flames. These studies have clearly shown
that the magnitude of the dilution process can influ-
ence the particle size distributions.

For the laser-induced-ionization diagnostic, signals
are produced on pulsed laser ionization in an electric
field generated by a biased electrode. The electrons
and ions move in opposite directions in the applied
electric field, inducing a current that can be detect-
ed.9 The electron signal is observed first, with the
subsequent ion signal detected later in time. From
mobility measurements of the ions produced, the mo-
lecular weight of the ions was estimated to be
�2300 to �6000 amu. Spherical particles were as-
sumed, resulting in a soot particle size of 1.6–2.2 nm.
It is important to note that, for the laser-induced-
ionization diagnostic, the ionization signals were ob-
served precisely at the soot-inception point. At these
equivalence ratios, only small particles exist.10,11 Ac-
cordingly, based on the laser energies used and the
corresponding beam diameters, such conditions were
more than sufficient to raise a 1.6–2.2 nm particle
well above the temperature required for thermal ion-
ization. Thus the ionization signals reported were
thought to arise from laser-induced heating of 2 nm
particles followed by thermal ionization.5

In previously published studies a single biased
electrode was used to generate the electric field, with
the burner head serving as the path to ground.5 In the
WSR, as well as in many other practical combustion
systems, a path to ground is not readily available.
Accordingly, to apply the laser-induced-ionization
diagnostic to these geometries, a dual-electrode ge-
ometry must be employed. In the dual-electrode ge-
ometry, one electrode is biased and other is grounded.
Such geometry has been used to measure H and C
atom concentrations in flames.12

The laser-induced-ionization technique has not re-
ceived a great deal of attention in the literature. One
reason for this may be that the technique has been
applied only to limited geometries. This is unfortu-
nate because this technique is a unique method for
detecting incipient soot particles with diameters of
�2 nm. The method has not been applied to the study
of soot inception, even though it has superior poten-
tial.

Therefore our goal in this study was to perform
laser-induced-ionization measurements in the post-
flame region of a premixed flame by using both the
single- and dual-electrode configurations. The single-
electrode geometry coupled with the premixed flame
was selected for comparison to previously published
laser-induced-ionization measurements. The pre-
mixed burner was used as a surrogate for other com-
bustion systems, including the WSR. Finally, we
employed a dual-electrode geometry to gauge the
ability of the laser-induced-ionization diagnostic to
determine the soot-inception point in a premixed
flame.

2. Experimental Description

Figure 1 displays the experimental apparatus. The
pulsed laser source was a Continuum Nd:YAG sys-
tem ��5 ns pulse width� operating at a frequency-
doubled wavelength of 532 nm. (We identify certain
commercial equipment in this paper to accurately
describe the experimental procedure, this in no way
implies recommendation by the NIST.) The laser
beam was aligned parallel to the burner slot and was
focused to the center of the flame by a 200 mm convex
lens. An iris was located in front of the focusing lens
to block reflections, and the beam was terminated by
use of a beam stop.

Premixed ethene–air flames were generated on a
Perkin-Elmer slot burner with a slit length of 5 cm.
This burner type has often been used for atomic ab-
sorption measurements. The Venturi orifice was set
to allow no flow into the burner. Ethene was selected
as the fuel because it is the fuel to be used for the
NIST WSR experiments. The air flow rate was fixed
and the fuel flow rate was varied near the soot-
inception point for all experiments. All flow rates
were controlled by mass-flow controllers with an un-
certainty of 5%. The equivalence ratio reported cor-
responds to the fuel–air mixture into the burner.
Under these conditions, the equivalence ratio at the
sooting threshold was 2.5. This corresponds to a C�O
ratio of 0.83. The burner was not equipped with a
co-flow system of inert gas; thus one should consider
the entrainment and diffusion of ambient air to know
the exact composition of flame gases. The visible
flame height was observed to be �10 cm above the
burner head. The primary reaction zone, which was
due to blue–green emission from C2, was observed to
be �4 mm above the burner head. For both single-
and dual-electrode configurations, all measurements
were performed downstream of the primary reaction
zone.

Fig. 1. Schematic of experimental apparatus displaying a burner,
laser beam alignment, electronics for ionization signal detection,
and dual-electrode configurations. HV, high voltage.
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For the single-electrode configuration experiments,
laser-induced-ionization signals were collected by use
of a 1 mm diameter �6 cm length� tungsten electrode
that was inserted into the flame above the laser
beam. The electrode was mounted parallel to the la-
ser beam and the flame, at a location within 1–2 mm
above the laser beam. This geometry is known to
produce the strongest ionization signals because the
signal is collected over the entire length of the
flame.5,6 The electrode voltage was varied from �300
to �900 V.

The dual-electrode configuration consisted of two
electrodes (each 0.56 mm in diameter and of 6 cm
length) spaced 0.5 mm apart by a ceramic thermo-
couple insulator. For the dual-electrode–laser-beam
geometry, the following positions were used: (1)
parallel, laser beam below the electrodes, (2) perpen-
dicular, laser beam below the electrodes, and (3) par-
allel, laser beam between the electrodes (inclined).
One electrode was biased and other was grounded.
The biased electrode voltage varied from �300 to
�900 V.

In both the single- and dual-electrode configura-
tions, the current through the electrode was con-
verted to voltage by use of a capacitively coupled
amplifier, which was identical to the device used in
previous experiments.5 Ionization signals were mon-
itored with both digital and analog oscilloscopes, with
time resolutions of 275–300 MHz. The ion signal’s
intensity and arrival time were measured with the
digital oscilloscope; in which the trigger signal was
synchronized to that of the laser. One hundred wave-
forms were averaged to reduce noise.

3. Results and Discussion

Figure 2 displays a characteristic waveform traced by
the oscilloscope in the laser-induced-ionization exper-
iments. The x axis indicates the time scale, 20 �s per
division, and the y axis indicates the amplitude,
10 mV per division. This particular trace was gener-
ated with the single-electrode configuration, but the
dual-electrode configuration produced a similar

waveform. Three peaks were visible in the oscillo-
scope trace when the 532 nm laser source was used.
The electron peak, which was quickest to arrive at
the electrode, was produced soon after the trigger
signal. The second peak, with an arrival time of 22 �s
was smaller in magnitude than the electron signal.
The third peak, with an arrival time of 90 �s, had the
broadest range of ion arrival times.

The measured arrival times of the second and third
peaks were observed to vary with electric field
strength and laser-beam-to-electrode separation dis-
tance. These signals were observed only under fuel
rich conditions and in those locations where soot was
present. Therefore, one of these peaks was assigned
as arising from ionized soot particles.

The three peaks in the oscilloscope trace were dif-
ferent from the two peaks previously published in
laser-induced-ionization experiments.5 To quantita-
tively assign the second and third peaks in the oscil-
loscope trace, we compared the arrival times of ions
with those in previous experiments.5 From kinetic
theory, ion mobility K can be expressed as follows13:

K �
3e

16N � 1
m �

1
M �2�

kT
1

�D
, (1)

where m is the ion mass, M is the mass of the neutral
carrier, N is the number concentration, T is temper-
ature, and �D is the average collision cross section.
From Eq. (1), the ion mobility is a function of ion mass
and the average collision cross section. The average
collision cross section is dependent on an effective ion
size parameter. Unfortunately, it is difficult to deter-
mine an effective ion size parameter for most ions. As
a result, many investigators have assumed that the
volume of the ion is proportional to its mass and have
introduced mass-mobility correlations to assign var-
ious ions from mobility data.14 This assumption is
known to be valid for various hydrocarbon ions but
breaks down for heavy polyatomic ions, as the mass
dependence on ion mobility becomes weaker as m is
much larger than M.

Compared with those in previous laser-induced-
ionization experiments,5 the laser wavelength and
the laser energy per pulse were different. It has al-
ready been established in the literature that C2 and
C3 fragments are produced on irradiation of soot
particles.15–17 It was observed that the second peak
had an arrival time similar to that of sodium ions,
Na�. Details of the sodium ion arrival experiments
are available elsehwhere.5 Therefore, based on the
mass-mobility correlations,6 the second peak was as-
signed as arising from C2

� ions, as the mobility was
expected to be close to that of sodium ions. The atomic
weight of sodium is 23, versus 24 for C2

�. With the
Swan system of C2 overlapping at 532 nm,18 C2 was
easily ionized during the laser pulse.

Figure 3 displays the electron signal as a function
of laser energy (energy�pulse) for both sooting and
nonsooting ethene–air flames. We generated the data
by using the single-electrode configuration for com-

Fig. 2. Typical waveform traced by an oscilloscope: The time scale
(x axis) is 20 �s�division and the amplitude scale (y axis) is
10 mV�division. The trigger signal of the pulsed laser is marked by
a small arrow. Experimental conditions: � � 2.7; laser energy,
0.5 mJ�pulse; electrode biased at �300 V; single-electrode config-
uration. One hundred waveforms were averaged to reduce noise.
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parison with previous work. Clearly, the electron sig-
nal was dependent on laser energy up to �1
mJ�pulse. For laser energy greater than 1 mJ�pulse,
the electron signal was observed to saturate. A sim-
ilar dependence on electron signal with laser energy
was observed in previous experiments.5 The influence
of laser energy on the arrival time of ions was also
investigated. As expected, the arrival times of C2

�

and soot ions were observed to be independent of
laser energy over the range of 0.15–3.6 mJ�pulse.

Under nonsooting conditions, the influence of the
flame on the electron signal was minimal. The mag-
nitude of the electron signal was, at maximum, 1% of
the electron signal for the sooty flame. The influence
of the flame on the measured electron signal was
negligible and did not depend on laser energy (see
Fig. 3).

The ion mobility can be characterized by use of
low-field behavior, which implies that the mobility is
independent of the electric field.5,6 The average ve-
locity of an ion in a gas is called the drift velocity, vd,
and is directly proportional to the electric field inten-
sity, E, provided that vd � KE. The proportionality
coefficient, K, is defined as ion mobility. Measure-
ments of ion arrival times can be used to deduce ion
mobilities.5,6

Figure 4 displays the ratio of soot ion arrival time
to C2

� ion arrival time as a function of laser-beam–
burner-head distance for three equivalence ratios.
The electrode–laser-beam distance was fixed. The
data were obtained with the single-electrode config-
uration with the electrode biased at �700 V. As the
laser-beam–burner-head distance was increased to
1 cm, the arrival times of soot ions were observed to
increase while the arrival times of C2

� ions remained
relatively constant. This trend suggests that as mea-
surements are made higher in the flame, for a fixed
equivalence ratio the mass of soot ions increases, re-
sulting in increased soot ion arrival time. This would
be expected, as soot particles are known to increase in
size as one moves to greater heights (away from the

soot-inception point) in a premixed flame. Eventu-
ally, as the measurements were made higher in the
flame (1 cm from burner head), significant soot was
observed to be deposited on the electrodes, producing
difficulties in detection of ionization signals.

When the dual-electrode geometry was employed,
the optical setup was identical to that of the single-
electrode experiments. The following three electrode
geometries were considered: (1) parallel, laser beam
below the electrodes, (2) perpendicular, laser beam
below the electrodes, (3) and parallel, laser beam be-
tween the electrodes (inclined). The inclined parallel
electrode configuration was considered so that the
laser beam could be placed close to the electrodes
without striking the electrode holder. All three of
these configurations are illustrated in Fig. 1. To de-
termine the optimum configuration for detection of
the ionization signals, the performance of these ge-
ometries was considered individually.

The influence of laser energy and biased electrode
voltage on the electron signal intensity was investi-
gated for the dual-electrode geometries and is dis-
played in Fig. 5. In the figure, the abbreviations SF
and NSF denote sooting flame and nonsooting flame,
respectively. It was observed that the lower the bi-
ased electrode voltage, the faster the electron signal
was observed to saturate. The electron signal inten-
sity had the following order: parallel � inclined �
perpendicular. From the figure, the influence of the
flame was deduced as a function of electrode geome-
try. The effect of biased electrode voltage on back-
ground noise was negligible compared with the
influence of laser energy. The maximum signal-to-
noise ratio was different for each electrode configu-
ration, and we observed to be the following maximum
ratios: perpendicular, 33; parallel, 17; inclined, 5.
Thus the electrode configuration oriented perpendic-
ular to the laser beam produced the best signal-to-
noise ratio of the three geometries.

Fig. 3. Electron signal (the first peak) as a function of laser en-
ergy for both sooting �� � 2.7� and nonsooting �� � 2.3� flame
stoichiometry. Single-electrode configuration.

Fig. 4. Ratio of soot ion arrival time to C2
� ion arrival time as a

function of flame height. Experimental conditions: laser energy,
0.7 mJ�pulse; single-electrode configuration; electrode biased at
�700 V.
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It was observed that the arrival times of the soot
and C2

� ionization signals varied depending on the
dual-electrode configuration tested. The reason for
this is that the ion arrival time depends on the local
electric field and laser-beam-to-electrode distance.
Altering the electrode configuration alters the electric

field. The parallel electrode configuration provided
the broadest range in time of the appearance of C2

�

and soot ion signals of the three configurations.
Figure 6 displays the electron and C2

� ionization
signal magnitude and arrival time of soot and C2

�

ions as a function of laser-beam-to-electrode distance
for fixed stoichiometry into the burner. The data were
obtained with a dual-electrode configuration oriented
parallel to the laser beam. The electrode was biased
at �500 V. As the electrode was moved further away
from the laser beam, the strength of the electron and
C2

� ionization signals decreased. In addition, the
time for soot and C2

� ions to arrive at the electrode
increased with a further separation of the laser-
beam-to-electrode distance. In these experiments, a
negative voltage was applied to the electrode. The
soot and C2

� ions were generated at the location
where the laser beam passed through the premixed
flame. Therefore, if the laser-beam–burner-head dis-
tance was fixed and the distance from the laser beam
to the electrode was increased, if the ions were posi-
tive it would be expected that the time for the ions to
arrive at the electrode would increase with further
laser-beam–electrode separation. These observations
were confirmed in Fig. 6, and this suggests that these
are indeed positive ions.

Based on the parametric investigation, the electron
signal should be used in the dual-electrode geometry
as an indication of soot inception. The electron signal
was detected as rapidly as the electronics would allow
and did not vary as a function of time for different
electrode voltages and laser-beam-to-electrode dis-
tances. Furthermore, the electron signal displayed
the largest magnitude of detected ionization signals.
The electrode geometry oriented parallel to the laser
beam provided the strongest electron signals. The
perpendicular configuration provided electron sig-
nals as well, albeit weaker in magnitude than the
parallel geometry. However, of the configurations in-
vestigated, the perpendicular electrode configuration

Fig. 5. Influence of laser energy and biased electrode voltage on
electron signal intensity for three dual-electrode configurations: (a)
parallel, (b) inclined, (c) perpendicular. SF, sooting flame; NSF,
nonsooting flame.

Fig. 6. Effect of electrode–laser-beam distance on the peak am-
plitude and arrival time of ions. Experimental conditions: �

� 2.69; laser energy, 0.6 mJ�pulse; electrode biased at �500 V;
laser beam 1 cm above burner head.
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provided the best spatial resolution and signal-to-
noise ratio. In addition, the perpendicular electrode
configuration provided the simplest setup for use in
practical combustion systems, such as the WSR. For
the configuration with the laser beam placed between
the electrodes, careful alignment was required for
strong signals to be obtained. This requirement may
result in difficulties when one is applying this config-
uration to combustion systems such as the WSR, be-
cause small alignment modifications would result in
large signal fluctuations.

To gauge the ability of the laser-induced ionization
diagnostic to detect the onset of sooting in a pre-
mixed flame, we plotted the normalized electron sig-
nal as a function of equivalence ratio, as shown in Fig.
7. The following experimental procedure was adopted
for the perpendicular electrode configuration: The
electrode–laser-beam distance was fixed �2 mm� and
the burner head was varied until a signal was de-
tected at the visual soot-inception point. The visual
soot-inception point was defined as the first visible
observation of yellow luminosity just above the reac-
tion zone. The reaction zone was characterized by
blue–green emission from C2. The fuel flow rate was
then increased, and the electron signal was recorded
as a function of equivalence ratio. A similar proce-
dure was performed for the parallel electrode config-
uration. The biased electrode voltage was fixed at
�700 V for each electrode configuration.

The parallel electrode configuration was the most
sensitive in determining the soot-inception point. For
certain applications, the parallel electrode configura-
tion may not be possible. The perpendicular electrode
configuration may still provide quantitative informa-
tion on the soot-inception point in a premixed flame.
These results demonstrate that the laser-induced-
ionization diagnostic can be used to detect the onset
of soot inception in a premixed flame.

4. Conclusions

Experimental measurements of laser-induced ioniza-
tion were performed for ethene–air premixed flames
operated near the soot-inception point. Ionization sig-
nals were collected with both single-electrode and
dual-electrode configurations. Earlier laser-induced-
ionization studies focused on the use of a single biased
electrode to generate the electric field, with the burner
head serving as the path to ground. In many practical
combustion systems, a path to ground is not readily
available. To apply the laser-induced-ionization
diagnostic to these geometries, one must employ a
dual-electrode geometry. The influence of electrode
configuration, flame equivalence ratio, and flame
height on ionization signal detection was determined.

The following three dual-electrode geometries were
considered: (1) parallel, laser beam below the elec-
trodes, (2) perpendicular, laser beam below the elec-
trodes, and (3) parallel, laser beam between the
electrodes (inclined). Based on the parametric inves-
tigation, the electron signal should be used as an
indication for soot inception by use of the dual-
electrode geometry. The electron signal displayed the
largest magnitude of detected ionization signals. The
parallel electrode geometry provided the strongest
electron ionization signals. The perpendicular config-
uration provided electron ionization signals as well,
albeit weaker in magnitude than the parallel geom-
etry. However, of the configurations investigated, the
perpendicular configuration electrode configuration
does provide the best spatial resolution and signal-
to-noise ratio. The perpendicular electrode configura-
tion provided the simplest setup for use in practical
combustion systems. For the configuration with the
laser beam placed between the electrodes, careful
alignment was required for strong signals. This re-
quirement may result in difficulties when one is ap-
plying this configuration to combustion systems
because small alignment modifications would result
in large signal fluctuations. The dual-electrode geom-
etry oriented parallel to the laser beam was observed
to be most sensitive to detect the soot-inception point
in a premixed flame.
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